Cytidinediphosphate diacylglycerol synthase (CDS) uses phosphatidic acid (PA) and cytidinetriphosphate to produce cytidinediphosphate-diacylglycerol, an intermediate for phosphatidylglycerol (PG) and phosphatidylinositol (PI) synthesis. This study shows that CDS5, one of the five CDSs of the Oryza sativa (rice) genome, has multifaceted effects on plant growth and stress responses. The loss of CDS5 resulted in a decrease in PG and PI levels, defective thylakoid membranes, pale leaves in seedlings and growth retardation. In addition, the loss of CDS5 led to an elevated PA level and enhanced hyperosmotic tolerance. The inhibition of phospholipase D (PLD)-derived PA formation in cds5 restored the hyperosmotic stress tolerance of the mutant phenotype to that of the wild type, suggesting that CDS5 functions as a suppressor in PLD-derived PA signaling and negatively affects hyperosmotic stress tolerance.
INTRODUCTION
Phosphatidylglycerol (PG) is universal in cell membranes and is a phospholipid located in photosynthetic thylakoid membranes. PG constitutes about 10% of total thylakoid lipids (Block et al., 1983; Sakurai et al., 2003) , and is important for maintaining the structure and function of photosystems (Jordan et al., 2001; Sato, et al., 2000; Sakurai et al., 2007; Guskov et al., 2009; Umena et al., 2011) . PG is an essential component of both the oxygen-evolving complex and light-harvesting pigment-protein complexes, as demonstrated by X-ray crystallography (Nussberger et al., 1993; Hobe et al., 1994; Sakurai et al., 2003; Domonkos et al., 2004) . Removing PG by phospholipases abolished electron transport activity in the thylakoid of Pisum sativum (pea) and Arabidopsis (Droppa et al., 1995; Kim et al., 2007) . The loss of enzymes for PG synthesis results in a pale-leaf phenotype along with defective thylakoid structure in Arabidopsis, leading to lethality at an early stage as a result of defective autotrophic growth Sato et al., 2000; Gombos et al., 2002; Sakurai et al., 2007; Kobayashi, 2016) .
Phosphatidylinositol (PI) is an essential component of cell membranes, and is also a parental lipid of phosphorylated derivatives such as phosphatidylinositol 3-phosphate (PI3P), phosphatidylinositol 4-phosphate (PI4P), phosphatidylinositol 5-phosphate (PI5P), and phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ], which are important molecules involved in various biological processes (Imai and Gershengorn, 1987; Gardocki et al., 2005; Di Paolo and De Camilli, 2006; Lee et al., 2008; Ischebeck et al., 2008 Ischebeck et al., , 2013 Munnik and Nielsen, 2011) . PI is required for cell survival as the disruption of PI synthesis results in lethality in yeast and mycobacteria (Nikawa et al., 1987; Jackson et al., 2000) . In plants, PI and its phosphorylated derivatives function as scaffolding to recruit protein effectors to specific cellular compartments or specific domains of membranes, and are important for polar tip growth. PI4P and PI(4,5)P 2 act as signals in the plasma membrane for root hair growth and pollen tube elongation (Kost et al., 1999; Dowd et al., 2006; Helling et al., 2006; van Leeuwen et al., 2007; Stenzel et al., 2008; Thole et al., 2008; Vermeer et al., 2009) . PI(4,5)P 2 is involved in PIN transport and auxin distribution, affecting cell polarity and tip growth (Mei et al., 2012; Ischebeck et al., 2013; Tejos et al., 2014) . These lines of evidence suggest that PI and its derivatives play an essential role in the growth and development of plants.
Both PG and PI are derived from a common precursor, cytidinediphosphate-diacylglycerol (CDP-DAG), which is produced by CDP-diacylglycerol synthase (CDS). CDS catalyzes the transfer of cytidine-monophosphate (CMP) from cytidinetriphosphate (CTP) to phosphatidic acid (PA), generating CDP-DAG. PG is generated from CDP-DAG and glycerol-3-phopshate in two steps, catalyzed by PG phosphate synthase and then PG phosphate phosphatase (Andrews and Mudd, 1985) . In plants, PG is produced via two independent pathways, the eukaryotic pathway in the endoplasmic reticulum (ER) and the prokaryotic pathway in chloroplasts (Babiychuk et al., 2003; Li et al., 2012) . PI is synthesized by PI synthase using CDP-DAG and myo-inositol as substrates in ER via the eukaryotic pathway (Xue et al., 2000; Li-Beisson et al., 2013) . In addition, CDP-DAG is also a substrate for phosphatidylserine (PS) synthesis in certain plant species (Delhaize et al., 1999; Babiychuk et al., 2003; Li-Biesson et al., 2013) . CDS is a membrane-integral protein and contains six transmembrane domains in eukaryotes (Dowhan, 1997; Lykidis and Jackowski, 2001) . In yeast and animals, the loss of CDS results in lethality (Shen et al., 1996; Laurinyecz et al., 2016) , suggesting that CDS is required for cell survival. Arabidopsis contains five CDS genes, namely CDS1-CDS5. Either CDS4 or CDS5 is capable of complementing the yeast CDS-null mutant (Haselier et al., 2010) , suggesting functional conservation between the two species. A single knock-out of CDS2, CDS3, CDS4 or CDS5 did not exhibit any visible phenotype (Haselier et al., 2010; Zhou et al., 2013) . CDS4 and CDS5 were localized to chloroplasts, and double-mutant cds4 cds5 plants exhibited pale leaf color and could not survive without exogenous sugar because of a reduced PG level and defective thylakoid membranes (Haselier et al., 2010) . The data indicate that CDS4 and CDS5 have functional redundancy in the prokaryotic pathway, and are required for photoautotrophic growth in Arabidopsis. In comparison, CDS1 and CDS2 were localized to the ER. The cds1 cds2 double mutant had a reduced PI level and was lethal at the early seedling stage (Zhou et al., 2013) , suggesting that CDS1 and CDS2 are functionally redundant in the eukaryotic pathway, and provide CDP-DAG for PI synthesis. These results suggest that CDS in the ER and chloroplasts have unique roles in membrane phospholipid synthesis in Arabidopsis.
Phosphatidic acid (PA) is the lipid substrate of CDS and also an important signaling molecule involved in various processes, including root growth and responses to hyperosmotic stress, abscisic acid (ABA), and nutrient deficiency (Zhang et al., 2004; Testerink and Munnik, 2005; Mishra et al., 2006; Wang et al., 2006; Hong et al., 2008a Hong et al., , 2009 Pleskot et al., 2013) . Cellular levels of PA are highly dynamic, increasing rapidly in response to stress stimuli Vu et al., 2012) . PA accumulation could result from increased PA production or decreased PA removal. PA can be produced via several reactions: the phospholipase D (PLD)-mediated hydrolysis of phospholipids, DAG kinase phosphorylation of DAG, and synthesis by the Kennedy pathway (Testerink and Munnik, 2005; Wang et al., 2006; Pleskot et al., 2013) . The PLDa1-mediated production of PA plays an important role in ABA signaling. Ablation of PLDa1 resulted in an increased transpirational water loss as a result of reduced stomatal closure in response to water deficiency, whereas overexpression of PLDa1 in Arabidopsis and Nicotiana tabacum (tobacco) reduced water loss relative to the wild type (WT) (Sang et al., 2001; Hong et al., 2008b) . PLDa1-derived PA binds to ABA INSENSITIVE 1 (ABI1), a protein phosphatase negatively regulating ABA signaling, tethering ABI1 to the plasma membrane and promoting ABA signaling (Zhang et al., 2004; Mishra et al., 2006) . On the other hand, the removal of PA by lipid phosphate phosphatase (LPP), which dephosphorylates PA to DAG, suppresses PA signaling in response to ABA (Katagiri et al., 2005) . CDS uses PA as the lipid substrate to produce CDP-DAG, but whether the activity of CDS affects PA signaling remains unknown.
This study was undertaken to determine the function of CDS in Oryza sativa (rice) in order to enhance the understanding of membrane lipid metabolism and stress signaling in this major food crop. Rice is an important food crop upon which nearly half of the population worldwide relies as a staple food. Hyperosmotic stresses such as drought and high salinity are increasing challenges to rice production. The rice genome contains five CDS genes, namely CDS1-CDS5, and to date none have been functionally characterized. This study reveals that CDS5 has multifaceted roles, providing CDP-DAG for the synthesis of PG and PI, and suppressing PA signaling in the hyperosmotic stress response.
RESULTS

CDS5 enhances chlorophyll content and plant growth
The rice genome contains five CDS genes, designated CDS1-CDS5 ( Figure S1 ). To determine the role of rice CDS, the T-DNA insertional mutants for CDS2, CDS3, and CDS5 were isolated from rice ( Figure S2 ). Loss of either CDS2 or CDS3 exhibited no visible phenotype under normal growth conditions ( Figure S2 ); however, a CDS5 mutant, designated cds5, exhibited pale leaves in early seedling stages (Figure 1a, d, e) , and thus was characterized further in this study. The cds5 mutant resulted from a T-DNA insertion in the first exon of CDS5 at position 201 bp from the start codon ( Figure 1a) . The CDS5 transcript in the homozygous mutant cds5 was undetectable, as demonstrated by semiquantitative reverse transcription polymerase chain reaction (RT-PCR), suggesting that the cds5 mutant is a null mutant (Figure 1b,c) . In addition, the cds5 mutant was genetically complemented (COM) by introducing the full length of CDS5, including its own promoter, 1947 bp upstream of the start codon. Furthermore, the full-length cDNA of CDS5 was cloned and overexpressed in rice under the control of a Zea mays (maize) ubiquitin promoter to further the investigation of the biological function of CDS5.
The contents of chlorophyll a and b in cds5 were reduced by 46 and 43%, respectively, compared with the WT (Figure 1f) , whereas the chlorophyll a/b ratio remained unchanged (Figure 1g ). The pale leaf color was restored to the WT color in COM plants, confirming that the altered leaf color was caused by a loss of CDS5 function (Figure 1 ). The overexpression (OE) plants exhibited enhanced green color in leaves and the chlorophyll content and biomass were significantly higher than WT at the seedling stage ( Figure S3 ). These results demonstrate that CDS5 is required for normal green leaves and growth. The loss of CDS5 also leads to reduced plant height relative to the WT at the seedling stage (Figure 1d ). In addition, the soluble sugar content in cds5 was decreased by 23% compared with the WT, but the starch content in the cds5 mutant did not significantly differ from that of the WT (Figure 1h) .
As plants grew, the leaf color in cds5 gradually turned green and was almost identical to that of WT plants ( Figure S4a ), but the plant height and biomass in cds5 remained less than that of the WT for all stages ( Figure S4b ). The loss of CDS5 reduced seed setting, panicle length, panicle number, tiller number and plant height, compared with the WT (Figure S5a-e) . The seed yield and shoot dry weight in cds5 were decreased by 40 and 32%, respectively ( Figure S5f, g ). Complementation of cds5 by the CDS5 gene restored growth retardation, and reduced these traits to the WT level (Figures1, S4, S5).
Loss of CDS5 results in defective thylakoid structures
To investigate how the loss of CDS5 resulted in the pale yellow-green leaf phenotype, we measured the effect of CDS5 on the levels of chlorophyll precursors, such as protoporphyrin-IX, Mg-protoporphyrin-IX and protochlorophyllide, in seedling leaves. The level of these components in cds5 and the WT was comparable (Figure 1i ), suggesting that the pale color does not result from the defect in chlorophyll precursor biosynthesis. When the chloroplast ultrastructure of mesophyll cells in leaves was observed under transmission electron microscope, the cds5 mutant exhibited defective thylakoid structure, with a smaller number and irregular distribution of grana in the leaves of young seedlings, as compared with the WT (Figure 2 ). The defective thylakoid structure could be reversed to the WT form by CDS5 complementation (Figure 2 ), confirming that CDS5 is necessary for thylakoid granum architecture.
CDS5 contains a chloroplast transit peptide, based on sequence prediction ( Figure S6 ). To determine the subcellular distribution, the 3 0 -end of the full-length cDNA of CDS5 was fused with GFP and was transiently expressed in mesophyll cells of tobacco leaves. The green fluorescence of CDS5-GFP was partially overlaid with the autofluorescence of the chloroplast ( Figure 3a ). Green fluorescence of CDS5-GFP was also overlaid with an ER marker protein CD3-955. The result suggests that CDS5 is localized to both chloroplasts and the ER. The CDS5 transcript was detectable in various tissues, including leaves, stems and roots ( Figure 3b ).
Loss of CDS5 disturbs the membrane lipid homeostasis
To determine the effect of CDS5 on lipid metabolism, the lipid composition was quantitatively profiled from leaves of cds5, COM and WT seedlings grown under normal growth conditions. The levels of PG and PI in cds5 were significantly lower than in the WT (Figure 4b,d ). Reduced PG predominantly resulted from the decrease in 32:1-, 34:2-, 34:3-and 34:4-PG species (Figure 4f ), whereas the PI decrease resulted from the decrease in 34:2-and 34:3-PI species (Figure 4g) . Monogalactosyldiacyglycerol (MGDG) in cds5 was also slightly lower than in the WT (Figure 4a ). By contrast, the PA level in cds5 was significantly higher than in the WT (Figure 4c ). The increased PA resulted from the elevated 34:2-and 34:3-PA species (Figure 4e ), which are identical to reduced-fatty-acid species for PI and also similar to that of PG (Figure 4f,g ). The opposite alteration of fatty acid species between PA and its derivatives PI and PG suggests that CDS5 uses PA as a substrate for PI and PG formation.
To probe the source of the elevated PA in the cds5 mutant, 1-butanol, which suppresses PLD-produced PA, was applied to rice plants, and 2-butanol, which is not a substrate of PLD, was used as a control. The 1-butanol supplement greatly suppressed PA production, and the level of PA in 1-butanol-treated plants was approximately 35% (e-g) Contents of fatty acid species of phosphatidic acid (PA), phosphatidylglycerol (PG) and phosphatidylinositol (PI) in leaves of 3-week-old seedlings. Fatty acid species were shown as total acyl carbons : total double bonds. Values are means AE SDs (n = 5 separate samples). Student's t-test: *P < 0.05; **P < 0.01. that of the 2-butanol-treated plants (Figure 5a ). Moreover, the 1-butanol treatment abolished the elevated level of PA in cds5, and the PA level in cds5 was not significantly different from that of WT and COM plants (Figure 5a ). In addition, in 1-butanol-treated plants, the PG and PI levels in the cds5 mutant were slightly lower but were not significantly different from that of WT and COM plants (Figure 5b, c) . By comparison, in 2-butanol-treated plants, the PA level in cds5 was higher, whereas the PG and PI levels were lower, than that of WT and COM plants (Figure 5a-c) . The levels of MGDG, digalactosyldiacylglycerol (DGDG), phosphatidylcholine (PC), phosphatidylethanolamine (PE) and PS in the cds5 mutant were not significantly different from those in WT and COM plants in both treatments with 1-butanol and 2-butanol (Figure 5d-h) . The results suggest that the PA substrate used by CDS5 is derived from PLD activity.
Supplementation with PG alleviates the pale-leaf phenotype and growth retardation of the cds5 mutant, whereas PI alleviates growth retardation
The loss of CDS5 resulted in a pale leaf color, accompanied by a reduced level of PG and PI. To test which lipid class is responsible for the pale leaf color phenotype and plant growth, CDP-DAG, PG and PI were supplied to growth media using PC as a control. After 7 days of treatment with PG and CDP-DAG supplementation, the pale yellow-green leaves of the cds5 mutant partially returned to the normal green color, and its chlorophyll content partially returned to that of WT and COM plants (Figure 6b ). The plant height of the cds5 mutant was also partially restored by PG and completely recovered by CDP-DAG to that of WT and COM plants (Figure 6a ). By comparison, PC failed to restore the pale leaf color and growth retardation in the cds5 mutant, exhibiting a similar phenotype to cds5 plants grown under control conditions without supplementation (Figure 6 ). PI supplementation completely restored plant growth but failed to return the pale leaf color to normal green ( Figure 6 ). Moreover, when PI or CDP-DGA was supplemented in the growth media, cds5 plants grew better than WT and COM plants (Figure 6a ). PI-3-kinase (PI3K) and PI4K catalyze PI phosphorylation at the D3 and D4 positions of the inositol ring to produce PI3P and PI4P, respectively. Both PI3K and PI4K are important for plant growth (Lee et al., 2008; Sa sek et al., 2014) . To determine whether enhanced growth of the cds5 mutant is caused by PI itself or PI derivatives, wortmannin, an inhibitor of PI3K and PI4K, was supplied together with PI. The enhanced growth in cds5 by PI supplementation was suppressed by wortmannin (Figure 6a ), suggesting that PI derivatives, such as PI3P, PI4P and PI(4,5)P 2 , are responsible for growth promotion in the mutant to some extent. Taken together, the results suggest that reduced CDP-DAG and its derived PG in the cds5 mutant are major factors responsible for the pale-leaf phenotype and the growth arrest to some extent, whereas reduced PI and PI derivatives in the mutant are responsible for the growth retardation but not for the pale leaf color. 
Loss of CDS5 increases hyperosmotic tolerance
Although the loss of CDS5 resulted in a pale-leaf phenotype under normal growth conditions, the cds5 mutant exhibited more tolerance to hyperosmotic stress, including salt and water deficits. Under normal growth conditions, the relative water content (RWC) of leaves and biomass in cds5 were lower, and malondialdehyde (MDA), an indicator of membrane lipid peroxidation and hyperosmotic stress damage, was higher than in WT and COM plants (Figure 7a,b,e-g ). Both RWC and biomass in the cds5 mutant were significantly higher, however, whereas MDA was much lower in cds5 than in WT and COM plants under drought stress (Figure 7c,d,e-g ). RWC, MDA and biomass in cds5 remained unchanged after 3 days without water, relative to the well-watered, control conditions, whereas those levels in WT and COM plants were significantly altered (Figure 7e-g ). Likewise, under salt stress, the growth of the cds5 mutant was less inhibited than WT and COM plants. The plant height, RWC, panicle length, panicle number, and pollen viability of the cds5 mutant displayed no obvious change, whereas those variables in WT and COM were significantly reduced compared with regular watering in control growth conditions ( Figure S7 ). The enhanced salt tolerance in the cds5 mutant was mitigated by 1-butanol, but not by 2-butanol (Figure 7h-i) . The results suggest that enhanced osmotic tolerance resulted from elevated levels of PA. CDS5 is negatively involved in osmotic stress via sequestering PLD-produced PA signaling.
CDS5 negatively regulated PLD-derived PA signaling in stomatal closure
Lipid profiling showed that the cds5 mutant contained a higher PA level than WT and COM, which was suppressed by 1-butanol, an inhibitor of PLD-produced PA (Figures 4c,  5a ). In plants, PA could be rapidly produced from phospholipids by PLD activation in response to stress stimuli . The enhanced salt stress tolerance in the cds5 mutant was suppressed by 1-butanol, an inhibitor of PLDproduced PA, but not by 2-butanol control (Figure 7h-i) , suggesting that elevated PA in the cds5 mutant is responsible for its enhanced tolerance to hyperosmotic stress. In addition, PLD-derived PA is shown to promote stomatal closure and reduces transpirational water loss (Zhang et al., 2004) . The effect of CDS5 on water loss was tested using detached leaves. The cds5 mutant exhibited a more rapid closure in stomata and slower water transpiration in response to water desiccation than did WT or COM leaves (Figure 8a, b) . Furthermore, the cds5 mutant displayed enhanced expression of ABA-responsive genes, such as ABI2 (Os01g40094), RAB16c (Os11g26760), AREB2 (Os02g52780) and MSR2 (Os01g72530), under well-watered normal growth conditions (Figure 8c ), which promotes constitutive stress response and enhanced stress tolerance in plants.
DISCUSSION
Cytidinediphosphate diacylglycerol synthase (CDS) catalyzes the synthesis of CDP-DAG using PA as a substrate. Both PA and CDP-DAG are important lipid intermediates involved in glycerolipid synthesis. CDP-DAG is a precursor for PG and PI synthesis, whereas PA has dual roles, functioning as a lipid intermediate and lipid messenger involved in diverse biological processes, such as ABA signaling, osmotic stress responses, root hair growth and nutrient starvation (Ohashi et al., 2003; Zhang et al., 2004; Wang et al., 2006; Mishra et al., 2006; Hong et al., 2008a Hong et al., , 2009 Pleskot et al., 2010; Uraji et al., 2012) . Although CDS catalyzes a committed step in lipid biosynthesis, information on its cellular and physiological effects is limited in plants. Moreover, CDS uses PA as a substrate, and the CDS activity may be involved in lipid signaling. Whether the alteration of CDS affects lipid signaling remains unknown. The rice genome contains five CDS genes, namely CDS1-CDS5, none of which has been characterized. In this study, we find that rice CDS5 exhibits multifaceted roles: it is required for PG synthesis for the normal structure and function of thylakoid membranes at the early seedling stage; it is responsible for PI synthesis for normal growth at all stages; and it also had a negative role in hyperosmotic stress tolerance through sequestering PA signaling in stomatal closure.
It was shown that Arabidopsis CDS4 and CDS5 were localized to chloroplasts and were functionally redundant in PG synthesis for thylakoid modeling (Haselier et al., 2010) . Unlike Arabidopsis CDS, the single gene mutation of which has no visible phenotype, the loss of rice CDS5 resulted in pale yellow-green leaves at the early seedling stages, which could be restored by CDS5 complementation, confirming that CDS5 is required for normal leaf color and normal growth (Figure 1 ). Lipid profiling showed that the cds5 mutant had reduced PG content and a correspondingly elevated level of PA (Figure 4) , suggesting that CDS5 is responsible for plastic PG synthesis in maintaining functional and structural thylakoid grana (Figure 2 ). Values are means AE SDs (n = 3) of three independent experiments. Student's t-test: *P < 0.05; **P < 0.01. (h) 1-Butanol suppression of the enhanced salt tolerance in cds5 mutant. Two-week-old seedlings were grown in liquid media only (control) or in media containing 200 mM NaCl without or with 1% butanol for 7 days. 2-Butanol was used as a control. Scale bar: 5 cm. Abbreviations: 1-but, 1-butanol; 2-but, 2-butanol. (i) Plant height of seedlings shown in (h). Values are means AE SDs (n = 10) from one representative of three independent experiments with similar results. Different letters represent significant differences at P < 0.05, based on an ANOVA analysis in combination with Duncan's multiple-range test.
Moreover, either PG or CDP-DAG supplementation in growth medium partially returned the pale-leaf phenotype to that of the WT (Figure 6 ), demonstrating that CDS5 is responsible for CDP-DAG, and subsequently for PG synthesis in the prokaryotic pathway. The effect of CDS5 on PG synthesis was partial, however, as the cds5 mutant possessed 70% PG of the WT (Figure 4) , and the pale phenotype was not as severe as that of the cds4cds5 and pgp mutant phenotypes in Arabidopsis (Haselier et al., 2010; Lin et al., 2016) , suggesting that other CDSs provide CDP-DAG for PG synthesis in the cds5 mutant. In addition, the pale-leaf phenotype occurs at the seedling stage, suggesting that CDS5 is required for plastic PG synthesis in the early seedling stage, but is functionally substituted by other CDSs at later stages.
CDS5 is constitutively expressed in all tissues tested, including leaves, stems and roots. CDS5 is localized to both the ER and the chloroplasts (Figure 3) , implicating its functions in two pathways: providing CDP-DAG for the synthesis of PG and PI in the eukaryotic pathway in the ER, and for PG formation in the prokaryotic pathway in chloroplasts. In addition to a reduced PG level, the cds5 mutant also had a reduced PI level and growth arrest, and even the leaf color was restored in the later stages. PI not only functions in structural blocks of membranes, but is also a source for lipid regulators PI3P, PI4P, PI5P and PI (4,5)P 2 in diverse cellular processes (Ischebeck et al., , 2013 Lee et al., 2008; Michell, 2008; Kale et al., 2010; Munnik and Nielsen, 2011; Tejos et al., 2014; Johan-Owen et al., 2017) . Unlike other phospholipids, such as PC and PE that could be derived from altered pathways, including the nucleotide pathway and head-group exchanges, PI is synthesized exclusively from CDP-DAG and D-myo-inositol catalyzed by PIS (Justin et al., 1995 (Justin et al., , 2002 . It was shown that the loss of PI synthase in yeast and bacterium resulted in lethality (Nikawa et al., 1987; Jackson et al., 2000) , suggesting that PI is essential for cell survival. In plants, PIS has been enzymatically characterized (Collin et al., 1999; Xue et al., 2000; Das et al., 2005; Gardocki et al., 2005; Lofke et al., 2008; Davy et al., 2010) , but the physiological effect of PI is less well understood. Recently, Arabidopsis CDS1/2 was found to be required for PI synthesis, and the loss of CDS1/2 resulted in reduced PI and thus plant lethality at the early stages (Zhou et al., 2013) . In this study, the rice cds5 mutant partially reduced the PI level and exhibited growth arrest across the entire life cycle, accompanied by multiple adverse traits, including a reduction in both biomass and seed yields. PI or CDP-DGA supplementation in the growth media completely restored the growth retardation of the cds5 mutant to that of the WT phenotype, but it failed to remedy the pale-leaf phenotype, suggesting that PI derived from CDP-DAG is a major factor for plant growth. PI derivatives such as PI3P, PI4P, PI5P and PI(4,5) P 2 are involved in vesicle trafficking, membrane asymmetry, and tip growth Lee et al., 2008; Michell, 2008; Kale et al., 2010; Munnik and Nielsen, 2011; Tejos et al., 2014) . PI4P is a major component of PI derivatives in plant cells and serves as a precursor for PI(4,5)P 2 synthesis (Munnik et al., 1998) . The double mutant pi4kIIIb1b2 plants exhibited a dwarf phenotype (Sa sek et al., 2014). PI3P plays a positive role in root-hair elongation in Arabidopsis (Lee et al., 2008) . This study showed that wortmannin, an inhibitor of PI3K and PI4K, relieved the enhanced growth by PI supplementation in the cds5 mutant (Figure 6 ), suggesting that PI3P, PI4P and PI(4,5)P 2 are responsible for plant growth. Moreover, PI or CDP-DGA supplementation also allowed the cds5 mutant plants to grow better than the WT and COM plants (Figure 6a ). Lipid profiling revealed that PA content was elevated in the cds5 mutant but was suppressed by 1-butanol, an inhibitor of PA production (Figures 4c,e, 5a) . The results suggest that the PI-enhanced growth of the cds5 mutant may have resulted from a combined effect with PA elevation. The data suggest that promoted growth by PI derivatives requires PA coordination. PA plays a positive role in plant growth (Hong et al., 2009; Yao et al., 2013) . The results suggest that CDS has conserved and yet unique functions among different plant species, and rice CDS5 is involved in both eukaryotic and prokaryotic pathways of lipid metabolic processes. CDS5 plays important roles in lipid metabolism and signaling in regulating plant growth and development.
Increasing evidence showed that PA is an important signal molecule involved in abiotic stress . To date, most studies have focused on PA formation and its role in signaling initiation in cells. It was shown that PLD was dramatically induced and that PA was rapidly produced in response to various stimuli, especially in the hyperosmotic stress response (Zhang et al., 2004; Mishra et al., 2006; Wang et al., 2006) . PLDa1-derived PA is found to be important for ABA signaling to promote stomatal closure (Sang et al., 2001; Zhang et al., 2004) ; however, how PA signaling is terminated is not well understood. Biochemical study showed that CDS catalyzes PA to CDP-DAG, which was subsequently transferred to PI and PG (Haselier et al., 2010; Zhou et al., 2013) . The CDS activity may change PA levels in cells, thus resulting in an alteration of PA mediated signal cascades. The loss of CDS5 resulted in an elevated PA level, and the enhanced PA may magnify PA-mediated ABA signaling in stomatal closure in response to hyperosmotic stress (Figure 8 ). In addition, salicylic acid (SA) is also involved in the osmotic stress response (Rivas-San Vicente and Plasencia, 2011). PI4K phosphorylates PI to produce PI4P and negatively regulates SA synthesis. SA concentration in the pi4kIIIb1b2 double mutant was 14-fold greater than in the WT, and a higher level of SA conferred plants with greater resistance to pathogens (Sa sek et al., 2014) . The cds5 mutant with less PI exhibited a mildly increased level of SA relative to WT and COM plants (Figure S8) . Enhanced osmotic tolerance in cds5 may result from elevated PA and/or SA. Current data showed that enhanced osmotic stress tolerance in the cds5 mutant was greatly suppressed by the inhibitor of PLD-derived PA (Figure 7h,i) . The results suggest that elevated PA in the cds5 mutant is responsible for the stress tolerance and CDS5 function as a negative regulator of PA signaling in stomatal closure.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
All plants including the T-DNA insertion mutant, genetic complementation (COM) and overexpressed (OE) lines used in this study were derived from the Japonica cultivar Dongjin (O. sativa). WT plants with same genetic background were used as a control. The seeds of the cds5 mutant containing the T-DNA insertion were obtained from the POSTECH RISD (http://signal.salk.edu/cgi-bin/ RiceGE). Seeds were germinated in water at 37°C in a growth chamber for 2 days. The germinating seeds or seedlings then were transferred to liquid media with various supplements in cups or pots in a growth room under conditions of 14 h of light (30°C) and 10 h of dark (26°C), with a photosynthetic photon flux density of 450-600 lmol m À2 s À1 and with 50% relative humidity. Plants were also grown in the field at the experimental station of Huazhong Agriculture University (Wuhan, China) under natural growth conditions.
Mutant isolation, vector construction and plant transformation
A CDS5 homozygous mutant was verified using the T-DNA left border primer paired with a CDS5-specific primer. For genetic complementation, the full length of the CDS5 genomic DNA (2999 bp) plus its own promoter (-1947 bp) was amplified from leaf DNA using forward primer paired with reverse primer with restriction sites of BamHI and XmaI, respectively. The PCR conditions were as follows: 95°C for 2 min, 28 cycles of 95°C for 20 s and 72°C for 6 min, and 25°C for 5 min. The fragment was then cloned into the pCAMBIA2301 vector containing a kanamycin resistance gene for selection. The construct was transformed into the cds5 mutant by Agrobacterium mediation (Lin and Zhang, 2005) . The complementation plants were identified using pCAMBIA 2301 border primer and gene-specific primers. Primer sequences are listed in Table S1 .
RNA extraction, RT-PCR and quantitative real-time PCR
Total RNA was extracted from various tissues using TransZol reagent, according to the manufacturer's instructions (TransGen, http://www.transgen.com.cn). DNase I was applied to remove DNA and DNA-free RNA was used for first-strand cDNA reverse transcription using the Transcript RT Kit (TransGen). Primer sequences for specific genes are listed in Table S1 . The cDNA concentration was adjusted to a similar level based on the cycle threshold (C t ) value of b-actin (Os01g16414) by quantitative realtime PCR. Quantitative real-time PCR was performed with a MyIQ real-time PCR system (Bio-Rad, http://www.bio-rad.com) using the TransStart Tip Green Supermix (TransGen). Rice b-actin was used as a reference to evaluate the relative levels of gene expression. Real-time PCR conditions were as follows: 95°C for 30 s, 55°C for 30 s and 72°C for 30 s, for 55 cycles.
Measurements of soluble sugar and starch content
Soluble sugar and starch contents were measured with a phenolsulfuric acid method (Chow and Landhausser, 2004) . For soluble sugar measurements, the leaf samples were cut into small pieces, and extracted with 25 ml of H 2 O at 95°C for 30 min to release soluble sugar. The extract (50 ll) was mixed with 450 ll of sulfuric acid containing anthrone (2 mg ml À1 ) at 95°C for 5 min, and the absorbance at 625 nm was measured spectrometrically (Infinite M200 PRD; Tecan, https://lifesciences.tecan.com). The remaining sediment was desiccated at 100°C overnight and homogenized with solution containing 0.2 M KOH. The homogenate was incubated in a water bath at 95°C for 30 min, and then mixed with 1 M acetic acid for centrifugation at 13 400 g for 5 min. The extract was measured using a method similar to that used for soluble sugar.
Subcellular localization
The coding region of CDS5 was amplified by PCR and was cloned into the pMDC83 vector that contained the GFP gene to produce the CDS5-GFP fusion. The resultant construct was transformed into Agrobacterium GV3101 and injected into tobacco leaves for transient expression. CDS5-GFP protein in mesophyll cells was examined using confocal laser scanning microscopy.
Lipid extraction and analysis
Leaves sampled were immediately immersed in preheated isopropanol containing 0.02% butylated hydroxytoluene (BHT) at 75°C for 15 min. After being cooled to room temperature (25-28°C), chloroform was added and incubated for 1 h. The extracts were transferred to clean glass tubes, and the remaining samples were re-extracted several times until the leaves became bleached. The extracts from the samples were combined and dried under a stream of nitrogen gas, and then dissolved in a certain volume of chloroform. Lipids were quantitatively profiled by electron-spray ionization tandem mass spectrometry (ESI-MS/MS) (Welti et al., 2007) .
Measurements of chlorophyll precursors
Fresh leaves (0.5 g) were collected and ground in 5 mL of extraction buffer (80% acetone), diluted to 10 mL and then centrifuged at 12 000 g for 10 min. The absorbance values of the supernatants were measured at 575, 590, and 628 nm, respectively. The contents of protoporphyrin IX (Proto-IX), Mg protoporphyrin IX (Mg-Proto-IX) and protochlorophyllide (Pchl) were calculated using the equations: Proto-IX = (0.18016 9 A 575 ) -(0.04036 9 A 628 ) -(0.04515 9 A 590 ); Mg-Proto-IX = (0.06077 9 A 590 ) -(0.01937 9 A 575 ) -(0.003423 9 A 628 ); and Pchl = (0.03563 9 A 628 ) + (0.007225 9 A 590 ) -(0.02955 9 A 575 ).
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